Graphical Abstract Highlights d Liquid-and solid-state NMR structure of a primase HBD bound to DNA and two ATPs d ATP binding triggers the sequence-specific DNA recognition of the primase HBD d In binding nucleotides and template, the HBD prepares dinucleotide synthesis d This preparatory role of the HBD is conserved in archaeoeukaryotic primases
Primases have a fundamental role in DNA replication. They synthesize a primer that is then extended by DNA polymerases. Archaeoeukaryotic primases require for synthesis a catalytic and an accessory domain, the exact contribution of the latter being unresolved. For the pRN1 archaeal primase, this domain is a 115-amino acid helix bundle domain (HBD). Our structural investigations of this small HBD by liquid-and solid-state nuclear magnetic resonance (NMR) revealed that only the HBD binds the DNA template. DNA binding becomes sequence-specific after a major allosteric change in the HBD, triggered by the binding of two nucleotide triphosphates. The spatial proximity of the two nucleotides and the DNA template in the quaternary structure of the HBD strongly suggests that this small domain brings together the substrates to prepare the first catalytic step of primer synthesis. This efficient mechanism is likely general for all archaeoeukaryotic primases.
INTRODUCTION
Primases have an important function in DNA replication. They synthesize de novo, on single-stranded DNA (ssDNA), a primer that is then extended by DNA polymerases. In the context of the replisome, primer synthesis is repeatedly required on the lagging strand. Although DNA primases are among the most error-prone polymerases, the integrity of the newly synthesized DNA is efficiently preserved. Primase-generated RNA stretches are degraded during Okazaki fragment maturation; DNA polymerases fill the gaps, and DNA ligases seal the remaining nicks (Arezi and Kuchta, 2000; Frick and Richardson, 1999; Griep, 1995; Kuchta and Stengel, 2010) .
Primer synthesis can be divided into two fundamental phases. The first and probably rate-limiting step is the formation of a first phosphodiester bond between the two first nucleotides, which requires hydrolysis of the triphosphate of the elongating nucleotide, whereas the triphosphate of the initiating nucleotide becomes the 5 0 end of the primer (Frick and Richardson, 2001) . The second phase of primer synthesis is repeated elongation of the primer by addition of ribonucleotides at the 3 0 hydroxyl group until a defined primer length is reached. This phase is very similar to the chain elongation reaction of DNA polymerases, and the presence of acidic catalytic residues suggests that the extension reaction is catalyzed by the two-metal-ion mechanism of DNA polymerases (Augustin et al., 2001; Keck et al., 2000; Steitz et al., 1994) . Although the chemistry of dinucleotide synthesis and primer elongation is similar and likely involves the same catalytic residues, major questions remain, in particular how the primases are able to simultaneously bind and position the three substrates (template, initiating nucleotide, and elongating nucleotide) required for dinucleotide formation and how the primase terminates primer synthesis.
Primases are classified into two major groups: first, the DnaG primases, found in bacteria and bacteriophages, and second, the archaeoeukaryotic primases. Remarkably, bacterial and archaeoeukaryotic primases have no structural similarity and, presumably, evolved independently (Leipe et al., 1999) . The archaeoeukaryotic primases are found in eukaryotes and archaea as well as in diverse mobile genetic elements. Cellular archaeoeukaryotic primases are usually heterodimeric with a small catalytic subunit (PriS, cd04860) and a large accessory subunit (PriL, cd06560) . Additionally, the primase heterodimer may be part of a larger complex; e.g., in eukaryotes with polymerase a. In nearly all cases, the conserved domain of the small catalytic subunit and the conserved domain of the large subunit are encoded on two genes. Gene fusions of cellular archaeoeukaryotic primases are only rarely reported (most notable Nanoarchaeum equitans [NEQ395]; Makarova and Koonin, 2013) .
PriS adopts a fold related to RRMs (RNA recognition motifs), with a four-stranded b sheet and two a helices (Iyer et al., 2005) . In all enzymatic studies, PriS alone is unable to synthesize a primer despite bearing the catalytic residues and forming the active site. Thus, it appears that it requires the help of another domain to synthesize a primer, possibly the PriL subunit. The C-terminal domain of PriL (PriL-CTD) is largely helical and embeds an iron sulfur cluster (Sauguet et al., 2010) .
Based on the structural resemblance between PriL-CTD and cryptochromes, it was suggested that the ssDNA path found in the cryptochrome may represent the binding site of the DNA template of the primase and the flavin adenine dinucleotide (FAD) binding site in the cryptochrome, the position of the initiating and/or elongating nucleotide (Sauguet et al., 2010) . Thus, it was hypothesized that PriL could contribute to primer synthesis by binding the template DNA and/or the nucleotides. Indeed, it could be shown that yeast PriL-CTD binds, albeit weakly, single-and double-stranded DNA (dsDNA) with dissociation constants of 70 mM and 180 mM, All nucleotides are deoxynucleotides, except the first, which is a ribonucleotide (green), (C) NMR chemical shift changes have been monitored upon binding of ATP (top) or the DNA template (bottom) with a 1 to 2 ratio and reported on the primase crystal structure (Beck et al., 2010) . The residues in green have combined chemical shift variations of the amides above 0.2 ppm, and the acidic residues of the active site are shown in red. The light purple sphere represents the zinc ion. See also Figure S1 and Tables S1 and S2.
respectively (Sauguet et al., 2010) , and that human PriL also binds ssDNA and dsDNA with a K D of 1 mM (Vaithiyalingam et al., 2010) . More recently, it was demonstrated that the affinity of the human PriL-CTD toward a primer-template DNA with a 3 0 and a 5 0 template overhang and 5 0 terminal triphosphate at the primer end is even bound with a K D of 30 nM. Binding affinity is strongly reduced in the absence of the 3 0 overhang or the 5 0 terminal triphosphate; thus, PriL-CTD appears to bind especially well to the 5 0 end of a native primer (Baranovskiy et al., 2015) . Consequently, it has been proposed that the preparation of dinucleotide synthesis may take place at the interface of PriS and PriL-CTD and that PriL-CTD may bind template and/or nucleotides prior to the catalytic steps.
Apart from the cellular primases, archaeoeukaryotic primases are also present in mobile genetic elements. Here the conserved domain PriS is often associated with conserved domains that are less well characterized, in particular PriCT_1 (cl07362) and PriCT_2 (cl07361). A recent study highlights that there is a structural resemblance between PriCT-1, PriCT-2, PriL-CTD, and PriX (Kazlauskas et al., 2018) , with PriX being a recently discovered additional subunit of primases in Crenarchaeota (Holzer et al., 2017; Liu et al., 2015) . This raises the question whether all of these rather small helical domains associated with PriS contribute in a similar way to primer synthesis.
In our group, we have investigated the primase part of the multifunctional replication protein from the archaeal plasmid pRN1 ( Figure 1A) . In contrast to other archaeoeukaryotic primases, this enzyme is template-specific because priming only occurs at a GTG motif (Beck et al., 2010;  Figure 1B ). In addition, it synthesizes a mixed primer, with the first base (i.e., 5 0 ) being exclusively a ribonucleotide and the remaining ones being exclusively deoxynucleotides (Beck and Lipps, 2007) . The primase part of the replication protein is further divided into two domains, the catalytic Prim_Pol domain (cd04859) and the pRN1_helical domain (pfam13010, named here helix bundle domain [HBD] ). The Prim_Pol domain as well as the HBD are structurally related to the cellular archaeoeukaryotic counterparts PriS and PriL-CTD, respectively (Boudet et al., 2015) . The crystal structures of the catalytic Prim_Pol domain alone (Lipps et al., 2004) and of the free functional pRN1 primase encompassing both Prim_ Pol and HBD (Beck et al., 2010) have been solved, but crystals with bound substrates could never be obtained. We therefore investigated the structural features of this enzyme with nuclear magnetic resonance (NMR) spectroscopy.
In this work, we present structural data for complexes of an archaeoeukaryotic primase bound to its DNA template and two nucleotides, leading to the first description of a nucleotide-mediated specificity-enhancing DNA recognition process. Our results point to a crucial contribution of the HBD to the dinucleotide synthesis of archaeoeukaryotic primases and broaden the current state of the art regarding detailed protein-nucleic acid interactions.
RESULTS
The HBD Binds Both the DNA Template and ATP Independent of the Primase Active Site 15 N-labeled proteins encompassing the active primase (amino acids 40-370; Figure 1A ), the catalytic domain alone (amino acids 40-248), and the HBD alone (amino acids 256-370) were investigated using NMR spectroscopy. The spectra of the separate domains superimpose very well with the active primase spectrum, suggesting, in agreement with the crystal structure (Beck et al., 2010) , that both domains tumble independently in solution.
To investigate the interaction with a template, we selected a short but functional DNA sequence (5 0 -CTGTGCTCA-3 0 ) with two bases upstream of the GTG recognition motif (bold) allowing dinucleotide synthesis and four bases downstream to confer optimal binding and activity (Beck and Lipps, 2007) . Addition of ATP ( Figure S1A ) or DNA ( Figure S1B ) induces clear chemical shift changes, indicating that both ligands can bind the primase. However, chemical shift mapping indicates that only the HBD interacts with the DNA, whereas both domains can interact with ATP ( Figure 1C ). Isothermal titration calorimetry (ITC) and fluorescence anisotropy confirmed the interaction of the HBD with DNA and ATP, both with a K D in the low micromolar range (Tables S1 and S2; Figures S1C-S1F). Binding of ATP to the HBD was somewhat unexpected because the active site is located in the catalytic domain.
These experiments revealed that the HBD carries not only the most important role for binding the DNA template of the primase but that it is also capable of binding nucleotides. We therefore decided to first investigate structurally how the HBD recognizes the GTG-containing template.
The HBD Binds the DNA Template Alone in a Sequence-Independent Manner NMR chemical shift comparisons between the free and the DNAbound HBD lead to an initial binding map suggesting key roles for a helices 7, 10, and 12 in this interaction ( Figure S2A ). The structures of the HBD alone and in complex with the DNA template were determined (Table S3 ; Figure S2B ). Both calculations converged to well-defined structural ensembles (Figure 2A Table S3 ). The free HBD in solution adopts the same a-helical fold as in the crystal structure (Beck et al., 2010; Figure S2C) . The DNA-bound state remained similar except for some noticeable differences. The a helix 7 is extended by five residues (V257 to E261), and its N-terminal tip shifts slightly toward the C terminus of the protein. The DNA template is lying in a positively charged shallow groove flanked by a helices 10 and 12, with the 5 0 end approaching the a helix 12 N-terminal tip (Figure 2A ). The interaction involves all nucleotides of the ssDNA from T 2 to T 7 . The majority of 72 intermolecular nuclear Overhauser effect (nOes) involve the sugar-phosphate backbone protons, suggesting a protein-DNA interaction mainly mediated by the DNA backbone ( Figure S2B ). The protein-DNA interaction cluster around six residues of a helix 10 (S310, R311, W314, H315, L318, and K322) and five residues of a helix 12 (W347, N348, K351, Y352, and K359), with T 2 , G 3 and T 4 being located near the a helix 12 N-terminal part and G 5 , T 6 , and T 7 near its C-terminal part (Figure 2A ). Y352 separates both triplets by stacking with T 4 . Several hydrogen bonds link the HBD to the DNA phosphate or sugar, and hydrophobic contacts anchor the DNA to the HBD ( Figure 2B ). Although the GTG recognition motif is fully bound by the HBD, only four intermolecular base-specific hydrogen bonds were observed: N348 and K340 with G 3 , S310 with T 4 , and, finally, K359 with G 5 ( Figure 2B ). Overall, the structure reveals little sequence specificity, in striking contrast with previous studies demonstrating that the pRN1 primase only synthesizes primers with templates bearing the GTG motif (Beck and Lipps, 2007) .
To further investigate the apparent discrepancy between the structures and the strict sequence specificity of the enzyme, we performed complementary interaction tests between the HBD and several DNA templates where the GTG is mutated (Table S1 ). All variant sequences bind equally well to the HBD, with K D values measured between 2.6 to 2.8 mM by fluorescence anisotropy, arguing for the absence of sequence specificity in the interaction. Similar results were obtained by ITC (Table S1 ). However, any modification in the GTG motif totally abolishes enzymatic activity (Table S1; Figure S1E ). The discrepancy between the structural and the enzymatic data might be linked to additional steps after initial DNA binding, which could help discriminate the GTG motif against templates lacking this exact sequence. Considering that the next step required for primer synthesis is the binding of a nucleotide, we investigated whether nucleotides might influence DNA template recognition of the HBD.
The HBD Binds the DNA Template in a Sequence-Specific Manner in the Presence of ATP We first re-investigated the interactions between the HBD and the same set of DNA sequences, but this time in the presence of 3 mM ATP. Although the interaction between the HBD and the DNA templates without GTG (''inactive'') remained nearly unchanged, the affinity of the interaction with the DNA containing GTG (''active'') increased by about 6-fold (K D 0.4 mM instead of 2.5 mM) (Table S1 ). This was further confirmed by ITC. In the presence of 1 mM ATP, the affinity of the HBD increases about 10-fold for the GTG-containing DNA ( Figure S3A ).
We further tested the opposite scenario to see whether the nucleotide binding can be strengthened by the DNA template. We therefore titrated a preformed HBD-DNA complex with 1,N6-Etheno-adenosine-5 0 -triphosphate (eATP), which showed a higher affinity (2-to 3-fold). Similar enhancements were found on the active primase but not on the catalytic domain alone (Table S2 ). We concluded that the HBD binds the DNA template and ATP synergistically.
Using NMR, much larger chemical shift variations were detected for HBD-DNA complex formation with ATP compared to without ATP ( Figure S3B ). The mapping showed extensions of the interaction surface to residues located in the loops preceding helices 10 and 12. To investigate the relative role of the functional A B Figure 2 . NMR Structure of the HBD Bound to the GTG-Containing DNA Template (A) Left: NMR ensemble. The DNA is shown in yellow and the protein backbone in gray. Right: Representative structure. The protein residues involved in the DNA binding are displayed in green. (B) Left: Close-up of the GTG binding pocket. GTG are shown in red and the other nucleotides in gray. Right: Schematic representation of the protein-DNA contacts. The thick and thin dashed lines indicate stacking and hydrophobic interactions, respectively. The standard and dashed arrows characterize hydrogen bond contacts detected in all and half of the conformers, respectively. Residues shown in green are contacting the DNA exclusively in the binary complex. For residues interacting with the DNA in both binary and quaternary complexes (black), contacts only detected in the binary arrangement are shown in green. Intermolecular contacts were analyzed with NUCPLOT (Luscombe et al., 1997) . See also Figure S2 and Tables S3 and S4. groups in the ATP, binding of a simple triphosphate was also tested, and similar chemical shift changes as for ATP were observed ( Figure S3C ). In contrast, for ADP or AMP, only minor changes were observed ( Figure S3D ). This underscores the importance of g-phosphate for this synergistic interaction.
We next determined the structure of the HBD-DNA complex in the presence of 10 mM ATP ( Figure 3A ; Table S2 ). The overall fold of the HBD is conserved compared with its free form, except that a helix 12 is shortened by one turn, and, concomitantly, the loop between a helices 11 and 12 is extended. In addition, a major structural change is visible in the loops preceding helices 10 (compare Figures 2 and 3) . The DNA lies on the same surface of the protein, but the DNA bases are significantly repositioned. The GTG motif now comes close together as G 5 stacks above T 4 . C 1 and T 2 are also positioned very differently because of the insertion of W347 between T 2 and G 3 , putting the two DNA bases 90 degrees apart. G 5 flips into the groove separating helices 10 and 12 and stacks between W314 and T 4 . Compared with the previous structure, the compacted GTG motif is deeply inserted within the widened groove formed between helices 10 and 12 ( Figure 3 ; Video S1).
Three regions now participate in DNA anchoring: a helix 10 (S310, R311, W314, H315, and K322), a helix 12 (K351, I355, T356, S358, and K359), and the extended loop before a helix 12 (K340 and W347). Although chemical shift mapping revealed that the loop near the N-terminal tip of a helix 10 is strongly affected upon ATP and DNA binding, the DNA contacts only S310 among the three highly conserved residues (D308, R309, and S310). Now multiple sequence-specific interactions are centered on the GTG motif ( Figure 3B ), as evidenced by several intermolecular nOes between the DNA base and the HBD (Figure S2 ). The amino proton of G 5 systematically forms a hydrogen bond to the main-chain carbonyl of S310 and its imino proton to the side chain of T356 ( Figure 3B ). These contacts explain why substituting G 5 with an inosine does not result in increased affinity in the presence of ATP and results in no primase activity (Table  S1 ). Non-sequence-specific hydrophobic contacts between H315 and C 6 contribute to the upstream base arrangement. The contact between the S310 side chain and T 4 O2 is maintained, but the methyl group of the T 4 base is now sequence-specifically recognized by a contact with the I355 side chain. G 3 is now also better recognized by hydrogen bonds to the S339 side chain and the main chain of K340. Contacts to DNA bases are extended to T 2 and C 1 and may support the kink formation. In half of the calculated structures, the O2 of T 2 and the amino of C 1 hydrogen bond with the K351 and S358 side chains, respectively. However, these contacts do not discriminate between bases. Right: Schematic representation of the protein-DNA contacts seen in the HBD-template complex in the presence of ATP. Residues shown in green are contacting the DNA exclusively in the quaternary arrangement. For residues interacting with the DNA in both binary and quaternary complexes, contacts only detected in the quaternary arrangement are displayed in green. A hydrogen contact is made between a b-oxygen of ATP and the amino group of G3 (light green dashed arrow). See also Figure S3 , Video S1, and Tables S3  and S4. Overall, ATP appears to trigger sequence-specific template recognition of HBD by inducing an important rearrangement of the DNA on the HBD surface. However, it remains for us to understand where the ATP is located and how it can induce this allosteric change at atomic resolution.
Hybrid Solution-and Solid-State NMR Structure of the Quaternary Complex HBD-Template-2 ATPs The structure described above could not fully explain the large chemical shift changes of the residues preceding a helix 10. Moreover, we only had partial structural information in the loop before helix 12 because of missing amide proton resonances ( Figure S3B ). At pH 5, all resonances in this loop were identified and showed extremely large chemical shift changes upon DNA template and ATP binding ( Figure S4A ). In the structure of the binary complex in the presence of ATP (Figure 3 ), DNA interacts only marginally with the residues before helices 10 and 12. Thus, we conclude that ATP binding is responsible for these pronounced chemical shift changes and hypothesized the existence of two triphosphate binding pockets in these loops. Fluorescence titrations of the HBD with etheno-ATP were performed and validated the existence of two triphosphate binding sites ( Figure S4B ).
We then focused on the structure determination of this quaternary complex with two ATP-binding pockets ( Figure 4A ). Unfortunately, no intermolecular nOes could be detected with the ATP because the triphosphate moiety is bound but not the sugar or the base. To position the two interaction sites, we decided to use paramagnetic relaxation enhancement (PRE; Figure 4B ) by using Mn 2+ to substitute Mg 2+ to localize the metal ion (Bonneau and Legault, 2014) . When combining PRE with the statistical analysis of an ATP bound protein database, we identified two side chains, D308 and E343, as anchor points for the ATP/Mg interaction, similar to zinc-bound cysteines (Loughlin et al., 2011) . This approach allowed us to localize the two ATP molecules with reasonable precision ( Figure S4C ) but not the direct contact with the HBD side chains.
Therefore, we turned to solid-state NMR spectroscopy, which is able to reveal intermolecular contacts between heteroatoms (P, N, and C); in our case, between ATP and the protein.
To increase the molecular weight of the complex that is needed for sedimentation into the magic-angle spinning (MAS)-NMR rotors, we used the active primase construct. With the active primase in complex with the DNA template and with or without ATP, we could monitor large chemical shifts for arginines and aromatic and aliphatic side chains in the solid state, confirming the structural changes seen by solution NMR ( Figure 4C ). (A) Left: NMR ensemble. The DNA is shown in yellow, the protein backbone in gray, the phosphorus atoms of the ATP in orange, and the magnesium as a cyan sphere. Right: Representative structure of the complex. (B) Representative regions of a 1 H-15 N heteronuclear single-quantum coherence spectroscopy (HSQC) of the quaternary complex in the presence (green) or absence of manganese (red and blue for folded peaks). (C) Solid-state NMR data of the primase bound to DNA and ATP. Top left: extract from a 13 C-13 C dipolar assisted rotational resonance (DARR) correlation spectrum. Bottom left: 15 N, 13 C correlation spectra for arginine side chains. Center: NHHP correlation spectrum. Right: CHHP correlation spectrum. The spectrum of the binary pRN1-template complex is shown in red and the spectrum of the quaternary complex in green. See also Figure S4 and Table S3 .
In particular, Figure 4C , bottom left, indicates the participation of R309 in hydrogen bonding. 31 P cross-polarization experiments, which allow detection of bound nucleotides, confirmed that two ATP molecules are bound to the quaternary primase-template complex because peak splitting was observed for the Pg of ATP, attributed to two ATPs in distinct sites ( Figure 4C , one-dimensional spectrum traces). Then a set of dipolar coupling-based experiments, carbon hydrogen hydrogen phosphorus (CHHP) and nitrogen hydrogen hydrogen phosphorus (NHHP) experiments (Lange et al., 2002; Morag et al., 2014) , allowed detection of correlations between the phosphorus atoms of the ATP (and of the bound DNA) with lysine and arginine side chains ( Figure 4C ). Some of these correlations could be unambiguously assigned using the preliminary structure of the quaternary complex and the resonance assignments of the HBD in the solution state ( Figure 4C ).
Overall, the solid-state NMR data allowed addition of 28 distance constraints between the ATP and the HBD (Table S3 ) that participated in improving the precision of the triphosphate groups by 0.1 and 0.01 Å root-mean-square deviation (RMSD) for ATP1 and ATP2, respectively. Note that both ATP molecules are bound in a tilted conformation, in good agreement with the correlation pattern observed in the CHHP spectrum (similar correlations for Pa and Pg; Figure 4C ). The precision of the DNA in the complex also improved by 0.12 Å ( Figure S4C ). This hybrid structural approach involving data from both liquid-state and solid-state NMR resulted in a precise structure of the HBD bound to the DNA template and two bound ATP molecules ( Figure 4A ; Table S3 ).
The structure of this quaternary complex explains how binding of the two ATP molecules induces the recognition of the GTG sequence of the DNA template. The first ATP (ATP1) binding pocket is located at the N-terminal tip of a helix 10, and the g-phosphate group of ATP1 is hydrogen-bonded with G 3 amino, implicating ATP1 directly in the sequence-specific recognition of the GTG motif ( Figure 5 ). This also explains the drop in activity when G 3 is substituted by an inosine (Table S1 ). Additionally, the g-oxygens of ATP1 are hydrogen-bonded with the S310 backbone amide group, the side chains of R309 and S310 (in agreement with the large chemical shift changes found for these residues upon ATP binding; Figure 5B ; Figure S3B ).
Being able, at pH 5, to observe the loop before a helix 12 (A341 to E345) allowed us to more precisely determine the conformation of this loop and determine precisely how the second ATP (ATP2) is bound ( Figure 5) . Oxygens from the a, b, and g-phosphate groups and from the E343 side chain coordinate the Mg Magnesium coordination is suggested by orange dashed lines. Hydrogen bond contacts between the ATP and the protein or the DNA are indicated by purple dashed lines. Green dashed lines correspond to hydrogen bonds within the HBD or between the protein and the DNA. (C) Schematic representation of magnesium coordination and the contacts between ATP and the HBD or DNA. The thick red dashed lines suggest magnesium coordination mediated by triphosphate and negatively charged residues. The standard and dashed arrows characterize hydrogen bond contacts almost systematically and occasionally detected in the structures of the ensemble, respectively. See also Figure S5 and Table S4. atom. Phosphate oxygens of ATP2 are hydrogen-bonded with the K342 side chain and E343, N344, and E345 backbone amides ( Figures 5B and 5C ). Finally, unlike ATP1, the b-oxygen of ATP2 is hydrogen-bonded by the side chain of R309. The R309 side chain adopts an extended conformation as it interacts with the aromatic ring of Y302, which is flipped out and solvent-exposed in the quaternary complex ( Figure 6A ). The R309 side chain therefore contacts the phosphate oxygens of both ATP1 and ATP2 and could potentially interact with the O4 0 , O3 0 , or O2 0 of ATP1, as observed in some of the conformers of the structural ensemble. R309 Hε experiences a proton chemical shift change of over 1.5 ppm upon ATP binding, in agreement with this major repositioning of the side chain upon ATP binding ( Figure S5 ).
ATP Induced Allosteric Changes in the HBD-DNA Complex
To understand in detail the conformational changes taking place upon DNA and nucleotide binding, we compared the different structures ( Figure 6 ). This analysis revealed how ATP and DNA bind synergistically. In brief, DNA binding makes R309, K340, and N344 solvent-accessible and, therefore, free to interact with ATP ( Figure 6A ). DNA binding changes the charge distribution in the HBD ( Figure S5B ) in such a way as to create the two ATP binding pockets. Binding of the two ATP molecules not only dramatically changes the position of the DNA bound to the HBD, leading to enhanced sequencespecific recognition of the GTG triplet, but also induces major changes in the protein. The most severe one is created by the binding of ATP2, resulting in unfolding of the first helical turn of helix 12 and a major change in the position of helix 7 relative to helix 12 (Videos S1 and S2). As a consequence of the unfolding, W347 inserts between T 2 and G 3 , moving T 2 away from ATP2 ( Figure 6A ). A second consequence of the unfolding of the tip of helix 12 is to allow the GTG triplet to insert deeper into the groove between helix 12 and helix 10 and, therefore, to be more sequence-specifically recognized by the HBD. Binding of ATP1 and ATP2 leads to reorientation of several side chains, the most dramatic ones being R309, R311, and K340 ( Figure 6 ). R309 bridges to two ATP molecules ( Figure 6A ), R311 now occasionally interacts with T 4 sequencespecifically ( Figure 6B ), and K340 now stacks under the G 3 base and brings it close to ATP1 ( Figure 6A) .
The structural modifications observed in the quaternary complex might be required for shape-dependent complementary in- teractions with the catalytic domain. Positioning of all substrates in the HBD enhances binding specificity and might switch the inert HBD into a different conformation that can interact with the catalytic domain (Video S2).
The Quaternary Structure Rationalizes a Large Mutagenesis Study
Based on our structural data, we designed 27 single amino-acid protein mutants (to alanine) to distinguish between the different molecular levers modulating enzymatic activity. The mutagenesis covers the HBD regions involved in DNA and ATP binding; namely, D308, helix 10 (R309-H323), the loop before helix 12 (L335-E345), and helix 12 (K346-E369). All HBD mutants were then tested for their ability to bind the DNA template and ATP independently or synergistically and to perform either dinucleotide or full primer synthesis in the context of the complete primase protein (Table S4 ).
In agreement with the structure of the HBD-DNA complex (Figure 2) , R311A, W314A, K340A, and K359A have a strong decrease in DNA binding affinity (from 3-to 10-fold), whereas mutation in other interacting side chains lead to minor affinity changes (less than 2-fold; i.e., S310A, H315A, L318A, K322A, N348A, K351A, and Y352A). When measuring in the presence of ATP, a large number of mutations of side chains contacting DNA ( Figure 3) show a strong decrease in affinity (5-fold or more); i.e., W314A and K340A but also S310A, K351A, Y352A, I355A, and T356A (Table S4 ). In addition, D308 and R309, which are both at the bottom of helix 10, and K342, E343, N344, and K346, which are all in the loop before helix 12, show decreased affinity for the template in the presence of ATP. This confirms that the 6-to 10-fold affinity enhancement for the template upon ATP binding is dependent on the binding of both ATP molecules. Somewhat unexpected, the alanine mutants at the loop before helix 12 have a much more dramatic effect on ATP binding than the mutants at helix 10. However, as expected, all mutants severely affecting DNA binding or ATP binding result in little or no dinucleotide formation and primer synthesis (Table S4) .
Two mutants, G312A and D313A, show intermediate DNA binding enhancement in the presence of ATP (5-fold less than the wild-type [WT]) and weaker and no primer synthesis, respectively, although these residues from helix 10 do not interact with the DNA or the ATP in the HBD complexes. The effect of these two mutants can be explained by the allosteric change taking place in the HBD upon DNA and ATP binding. Indeed, D313 is essential to help stabilize Y352, which is unstacked from G 5 upon ATP binding ( Figure 6A ). Mutating D313 would then indirectly weaken the DNA rearrangement taking place upon ATP binding. The same is true for G312A, which would affect the allosteric changes seen in the loop before helix 10 and, in particular, with the position of the side chain of Y302.
However, three of the mutants resulted in less straightforward results (Table S4 ). First, W347A does not result in major weakening of DNA (less than 2-fold), although W347 interacts with DNA. Second, E345A resulted in strong enhancement of dinucleotide synthesis and template synthesis. This could be due to reduced competition with E343 for coordinating the magnesium of ATP2. Third, N348 also shows enhancement of primer synthesis, which might be explained by more favorable recognition of the catalytic domain when this residue is mutated. Understanding the role of these residues will require solving the structure of the quaternary complex in the presence of the catalytic domain.
DISCUSSION
ATP Binding Allosterically Enhances Affinity and Specificity for Template DNA Allosteric conformational changes upon nucleoside triphosphate (NTP) binding are often found in proteins to increase the affinity for a cognate protein and transduce a signal. Examples of such allosteric changes have been reported, e.g., in ATP binding cassette (ABC)-containing proteins (Hopfner, 2016) , Chaperonin (Skjaerven et al., 2015) , or motor proteins. In nucleic acid binding proteins (NBPs), ATP binding can also trigger conformational changes to induce DNA or RNA binding, as seen in DNA repair enzymes, for example (Hopfner, 2016; Paull and Deshpande, 2014) , or RNA helicases (Andreou and Klostermeier, 2013) . ATP binding can also change the conformation of the complex, as seen in double-stranded RNA-sensing proteins (Luo et al., 2013) . However, to our knowledge, this is the first time the binding of ATP induces the sequence specificity of an NBP. Although the increase in DNA binding affinity upon addition of ATP is only 6-to 10-fold, this increase remains limited to GTG-containing sequences. However, only one of the two ATP molecules (ATP1) participates directly in sequence-specific recognition via a direct hydrogen bond with G 3 amino. The large conformational change observed in the HBD-DNA complexes upon ATP binding strongly suggests that binding of both ATP molecules is necessary to achieve sequence specificity for GTG. The enhanced affinity and sequence specificity therefore primarily results from an allosteric change in the protein-DNA complex induced by the binding of both ATP molecules.
Are the Two Nucleotides of the Quaternary Complex the Precursors for Dinucleotide Synthesis? Our structural data have clearly shown that the relatively small HBD domain (115 amino acids) is able to bind all three chemical entities, which would be required for the synthesis of a dinucleotide by the primase active site. From this unexpected result, it is now tempting to speculate that the two nucleotides prearranged on the HBD together with the template DNA could serve as substrates for the initial dinucleotide synthesis. This would, in fact, provide a way to synergistically localize the three substrates needed for the dinucleotide synthesis and pre-organize them to favor this crucial synthesis step. Only when all substrates are present will the conformational closure of the primase be triggered, and the chemical reaction may occur (Figure 7) . To validate this hypothesis, additional functional and structural investigations of the whole enzyme will be needed. Nevertheless, there is already some structural and biochemical support for this hypothesis. First, the structure of the quaternary complex revealed that only the triphosphate moiety of two ATP molecules is necessary to induce the enhanced sequence specificity. The two aromatic moieties are free and, therefore, could potentially be available for base-pairing with the two nucleotides preceding the GTG motif. Second, although C 1 and T 2 of the template are far away from the two ATP molecules in the quaternary complex, if the triphosphate of the ATP2 molecule would detach from the HBD (from the loop before helix 12), then this would trigger the refolding of the first a-helical turn of helix 12 and, concomitantly, a new positioning for C 1 and T 2 relative to G 3 . To test such a scenario, we created a model of the quaternary complex where helix 12 is now extended by one turn, and C 1 and T 2 have the same position as in the structure of the binary complex (Figure S6A ). Quite remarkably, in this hypothetical structural model, the bases of the first and second ATP molecules lie opposite to T 2 and C 1 , respectively, at such close proximity that the four nucleotides could potentially form two base pairs. This model strongly suggests that the two NTPs molecules bound to the HBD are likely to have a dual role of cofactors to enhance sequence-specific recognition and of substrates for dinucleotide formation. Finally, the structure of the human PriL bound to a primer-template (Baranovskiy et al., 2016) revealed that the triphosphorylated primer end binds at a similar position as ATP1 ( Figure 7B ). Moreover, in the homologous position of ATP1, a nucleotide binding site has been identified in PriX, a crenarchael homolog of PriL (Holzer et al., 2017) . Further enzymatic studies on the crenarchael primase from Sulfolobus solfataricus strongly suggest that this binding site functions as primase initiation site (Yan et al., 2018) . We therefore conclude that ATP1 occupies the initiation site of the pRN1 primase.
The Minimal Archaeoeukaryotic Primases Presumably Consist of a Catalytic Core and a Helical Subdomain that Are Flexibly Linked to Each Other Our study suggests that the HBD serves as binding platform and could play a crucial role in preparing primer synthesis, which, however, is carried out on a separate domain. It is unresolved (legend continued on next page) whether this function of the HBD can be generalized to other archaeoeukaryotic primase.
The catalytic domain of primases either forms a protein complex with the large subunit (cellular primases), or the catalytic domain is part of a multidomain protein, as with PriCT-1 (cl07362), PriCT-2 (cl07361), or, here, the HBD (pfam13010) (Figure 7A ). Structural information of representatives of these domains is available for all domains except PriCT-2. Superposition of the three structures reveals similarity limited to a three-helix bundle ( Figure 7B ). In all three structures, the DNA is bound on the same side of the helical bundle and has the same 5 0 to 3 0 orientation. Also, the position of the triphosphates of the 5 0 primer end (human primase) and of the nucleotides in our HBD are in a similar location. However, the base 3 0 of the first templated base (highlighted in the respective color in Figure 7B ) is not positioned in the same binding pocket in the three structures. Despite the complete lack of sequence similarity and their belonging to the three different kingdoms (archaeal plasmid, bacterial plasmid, and eukaryotes), it is remarkable that the substrates are bound by these domains in a similar manner.
A second feature found in all investigated archaeoeukaryotic primases is the separation between the catalytically active site and the template binding site. The catalytic and template binding domains of the primases are either on different subunits, or, in case they are present on a single protein, a flexible linker tethers them. Thus, the essential core of the archeaoeukaryotic primases is comprised of two distinct elements: a catalytic domain (200 amino acids) and a structurally conserved helical bundle domain (50 amino acids). Both domains have a well-defined function during primer synthesis. The catalytic domain carrying the active site is responsible for the chemical steps of primer synthesis, whereas the conserved helical bundle appears to bind the substrates for dinucleotide synthesis and to deliver them to the active site. In short, the helical bundle primes the dinucleotide synthesis of the primase. In case of the pRN1 primase, the catalytic domain and the HBD are connected by a flexible linker. This would allow conformational changes between both domains and would enable accommodation of a growing primer in case the template and the 5 0 primer end remain bound to the HBD, as observed for the human primase (Baranovskiy et al., 2016) .
Our Work Provides the Structural Basis of the First Steps of Primer Synthesis
By solving the solution structures of the HBD domain of this archaeal primase free, bound to the DNA template, and bound to two ATP molecules in addition to the DNA template, we pro-vide insights into the first steps of the primer synthesis before the catalytic domain of the primase comes into action ( Figure 7C ). Because DNA binding can only be observed with the HBD (Figure 1) , the structure of the HBD bound to the DNA template ( Figure 2) illustrates how the primase binds DNA non-sequencespecifically and can search along the DNA for its primer starting site ( Figure 7C ). The structure of the quaternary complex (HBDtemplate-ATP1-ATP2) now reveals how sequence-specific recognition for the GTG ''starting'' motif is achieved. ATP is abundant in the cell and acts here as an allosteric cofactor to achieve positioning of the primase at the correct starting site. Moreover, upon ATP binding, the N-terminal helix of the HBD changes its position (Video S2), which could initiate the conformational closure of the primase required for catalysis. The quaternary structure also strongly suggests that the two ATP binding pockets are also the binding pockets for the ribonucleoside triphosphate (rNTP) (pocket 1) and the deoxyribonucleoside triphosphate (dNTP) (pocket 2), which are the initial substrates for dinucleotide formation. Indeed, the two ATP molecules are bound in close proximity to the 5 0 G of the GTG motif. We could show, in our structural model ( Figure 7C ; Figure S6A ), that it would just require the detachment of the triphosphate from the dNTP bound in pocket 2 to trigger a conformational change in the DNA 5 0 end to bring the template DNA into base-pairing proximity of the two bound NTPs. Moreover, the two ATP molecules are closely positioned because R309 of the HBD interacts with both and could potentially bring the 3 0 hydroxyl of ATP1 into close proximity of the a-phosphate of ATP2 ( Figure 5 ). We know that the catalytic domain can bind nucleotides (Figure 1) and is responsible for the subsequent catalysis of dinucleotide synthesis ( Figure 7C ). The next steps, the subsequent addition of nucleotides to the primer, will depend primarily on the catalytic domain, but the HBD might continue to hold the template and the 5 0 end of the primer. Subsequent structural work will be needed to understand the molecular basis of these steps.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (B) Structural superposition of a three-helix bundle from the primase accessory domains PriL (yellow; PDB: 5F0S), PriCT-1 (cyan; PDB: 3VW4), and the HBD (gray). The backbone of the template DNA is shown with the base 3 0 to the first templated base highlighted in the respective color. Triphosphates of both ATP molecules (HBD) and of the 5 0 end of the primer (human primase) are shown at atomic resolution. (C) Proposed reaction mechanism. The HBD (gray) is flexibly tethered (green broken line) to the catalytic domain (orange) with its active site (white asterisk). The HBD first binds template DNA (red and black letters) sequence-unspecifically. Upon nucleotide binding (green letters), the recognition site of the template (GTG motif in red) is specifically bound by the HBD, and the template DNA is kinked. Binding of all three substrates leads to a conformational change, and the template DNA and the nucleotides are inserted into the active site of the catalytic subunit. After dinucleotide formation, pyrophosphate is released, the primer or dinucleotide is relocated, and a new dNTP can bind to the elongation site of the catalytic subunit. The template and primer end remain bound to the HBD. The first two steps were structurally characterized in this work. The HBD-substrate complex of the third step has been modeled. See also Figure S6 , Video S2, and 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The open reading frames of the primase (aa 40-370 of the pRN1 replication protein ORF904, gi: 499192662), the prim/pol domain (aa 40-248) and the helix-bundle domain (HBD, aa 256-370) were cloned in pET28 (Invitrogen). The primase was C-terminally fused with a hexahistidine tag, whereas the prim/pol domain and the HBD were fused N-terminally with a hexahistidine tag. All three fusion proteins include a thrombin cleavage site. Protein expression was performed in BL21 codon+ cells grown at 37 C in LB medium or M9 minimal medium supplemented with vitamins and 20 mM zinc.
METHOD DETAILS
Protein expression and purification
The primase was expressed and purified as described before (Beck and Lipps, 2007) . For the isolated domains, cells were induced at an optical density of 0.6 with 1 mM IPTG and fermentation was continued for 16 hours at 25 C before harvesting by centrifugation. The cell pellet of a 2 l culture was resuspended in 20 mL of lysis buffer (Na 2 HPO 4 50mM pH 8.0 NaCl 1M). Lysis occurred in the presence of 0.01 vol% Triton X-100 and ultrasonic treatment. The whole cell extract was cleared by centrifugation with 34000 g for 45 minutes. Next the supernatant was loaded on a Ni-NTA column, eluted with an imidazole gradient. The fractions containing the target proteins were pooled and dialyzed overnight in the presence of 1 U thrombin per mg protein. Next the dialyzed protein was concentrated by membrane filtration (10 kDa cut-off) to 2 mL and loaded on a 150 mL Superdex 75 prep grade (GE healthcare) gel-filtration column which was developed with 25 mM acetate buffer, 100 mM NaCl, pH 5 or 25 mM Na 2 -HPO 4 /NaH 2 PO 4, NaCl 50 mM, pH 7. Peak fractions were pooled and concentrated between 0.5 and 1 mM. Protein concentrations were determined by absorbance at 280 nm using the theoretical extinction coefficient. Final yields of the protein preparation are between 20 to100 mg per liter of culture volume.
Mutagenesis
Point mutants were generated according to the QuickChange protocol involving two mutagenic primer, extension with Pfu polymerase and digestion of the parental DNA with DpnI. The coding sequences of the mutated proteins were sequence verified.
Primase activity assay
Reactions were performed in 15 mL volume containing 1x NEB-1 buffer (New-England Biolabs; 10mM Bis-Tris-Propane-HCl, 10mM MgCl 2 , 1mM DTT, pH 7.0), 50 mM ATP, 50 mM dATP, 5 mM DNA 5 0 -TTTTTTTTGTGTTT (recognition motif in bold), and 0.25 mM of enzyme. The assays were carried out at 55 C during 30 minutes. Reactions were stopped by addition of 15 mL 15 mM EDTA pH 8.0 and then stored on ice for 5 minutes. Reaction mixtures were centrifuged 5 minutes at 16 000 g before 20 mL of the reaction was separated on an XBridge C18 3.5 mm (3.0 3 150 mm) column (Waters) at 55 C. The mobile phase was delivered at a flow rate of 1 mL/min, according to the following gradient: 5% B at 0 min, 50% B at 8 min, 100% B from 8.1 min to 9.5 min, 5%B at 9.6 min to 12 min. DNA binding assays by fluorescence anisotropy DNA binding properties of the proteins were monitored by fluorescence anisotropy measurements with a Perkin Elmer LS50B spectrofluorometer. The fluorescence was determined in 120 mL cuvette at 30 C. 170 mM of protein were mixed with 50 nM of short oligonucleotide template (labeled with fluorescein at 5 0 end) in the binding buffer (25 mM NaH 2 PO 4 /Na 2 HPO 4 , 50 mM NaCl, 10 mM MgCl 2 , pH 7.0). Titrations were performed in presence or absence of 3 mM ATP and/or 3 mM dATP. The experiment was carried as a reverse titration. The protein concentration was serially decreased by replacing 40 mL of the solution in the cuvette with a solution of labeled template in reaction buffer. In a typical experiment the protein concentration was decreased by about two orders of magnitude. The anisotropy was measured with excitation at 495 nm and emission at 526 nm, with a cutoff filter at 515 nm. The integration time was 5 s. For each data point at least five measurements were collected. The dissociation constant K D was obtained by fitting the data with a single-site binding model using the program Dynafit (Kuzmic, 2009) . To exclude that the fluorophore of the oligonucleotides makes a large contribution to the binding at the protein, we also performed competition experiments with unlabeled oligonucleotides. These competition experiments revealed that labeled and unlabeled DNA are bound with similar strength (dissociations constants ± 20%).
ATP binding assay
Nucleotides binding assays were performed by fluorescence anisotropy. Etheno-ATP (1,N6-Etheno-adenosine-5 0 -triphosphate; e-ATP from Jena Bioscience GmbH, Germany) were used as fluorescent nucleotide. The fluorescence was determined in 120 mL cuvette at 30 C in binding buffer (25 mM NaH 2 PO 4 /Na 2 HPO 4 , 50 mM NaCl, 10 mM MgCl 2 , pH 7.0). The experiment was carried out as a reverse titration. 170 mM of protein or protein/template complex were mixed with 1000 nM of fluorescent analogs (e-ATP), in presence or absence of 3 mM of the missing nucleotide. The protein or protein/template concentration was serially decreased by replacing 40 mL of the mix solution in the cuvette with a solution of fluorescent analogs in reaction buffer.The anisotropy was measured with excitation at 300 nm and emission at 415 nm for e-ATP. The integration time was 5 s. For each data point at least five measurements were collected. The dissociation constant K D was obtained by fitting the data with a single-site binding model using the program Dynafit version 4.05.104 (Kuzmic, 2009) . By competition experiments we excluded that the fluorophores make a major contribution to the binding energy; the analysis revealed that the dissociation constants did not differ more than 30%.
Isothermal titration calorimetry
The functional primase domain at 0.178 mM has been injected in the sample cell containing 0.018 mM of the CTGTGCTCA template (recognition motif in bold). Interaction buffer was Na 2 HPO 4 /NaH 2 PO 4 50mM NaCl 100 mM pH 7.0. The HBD at 0.4mM in the syringe was injected to the DNA template at 0.033mM in buffer Na 2 HPO 4 /NaH 2 PO 4 25mM NaCl 50mM MgCl 2 10mM pH 7.0. With 1 mM ATP added in buffer, we injected the HBD at 0.36 mM in the reaction cell DNA at 0.032 mM. All measurements have been performed at 298 K.
For each experiment including the controls, 40 injections of 7 mL have been monitored with the VP-ITC instrument. We have selected an injection spacing of 300 s and duration was automatically calculated. The first 2 mL injection was excluded from data analysis. Cell volume was 1.4644 ml. Stirring speed and reference power were set to 307 RPM and 10 mCal/sec respectively. Data were fitted with the Origin software version 7 implemented with equations required for affinity constants measurements.
Nuclear magnetic resonance NMR samples
Two different isotopic labeling have been used for the functional pRN1 primase. TROSY-based backbone experiments have been collected on the free and the DNA-bound 2 H-13 C-15 N-ORF904:40-370 samples concentrated at 0.8 and 1 mM respectively. A pH shock (from pH 8 to 5) was required to fully restore amide-protons of the deuterated protein. For the protonated sample, 15 N-and 13 C-NOESY experiments were performed with the free and the template-bound 15 N-13 C labeled proteins at 1mM. Two buffers have been selected. The first one contained 25mM CH 3 COONa/CH 3 COOH, NaCl 100mM at pH 5.5. The second one was NaH 2 PO 4 / Na 2 HPO 4 25mM at pH 7.0, NaCl 50mM and 10mM MgCl 2 . 1 H 2 O: 2 H 2 O ratio was 90:10 v:v in all experiments except 4 13 C-NOESY-HSQCs (2 for the free and 2 for the bound) required to detect aliphatic and aromatic residues collected in 1 H 2 O: 2 H 2 O 0:100 v:v. For the complex, we analyzed a 1:1 [protein]:[DNA] mixture.
Free and bound 13 C-15 N HBD samples have been produced for backbone, side-chains and NOESY-based experiments. Three concentrations have been used for the free sample at 0.7, 0.9 and 1.2 mM. For the bound molecule, we used two batches for the binary and the quaternary complexes. Both were at 1 mM. Identical sodium acetate and phosphate buffer solutions have been chosen for the HBD and the functional pRN1 primase. For the quaternary complex formation, ATP was added in excess. The molar ratio of the binary complex was 1:1 for [hbd]: [DNA] . For the ternary complex formation we used 1:1:2, 1:1:4 and 1:1:10 molar ratios for [hbd]:[DNA]: [ATP] . DNA molecules have been provided by Microsynth and re-suspended in the corresponding buffer for measurements.
NMR backbone and side-chains assignments
The pRN1 functional primase and the HBDs have been monitored with 15 N-and 13 C-HSQCs upon addition of increasing amounts of DNA template. Chemical shifts changes are compatible with 1 to 1 complexes formation (saturation at [DNA]/[protein] = 1). The backbone assignment of the free and the DNA-bound enzyme has been performed thanks to 3D TROSY-based experiments collected on the 0.8mM deuterated sample at 323 K. These experiments started from 1 H-15 N irradiation with magnetization transferred through bonds. With the jump and return scheme, 2 H decoupling and selective gradient pulses, we used a set of 6 TROSY-type backbone experiments after 1 week for complete H N recovery. In combination with 13 C aliphatic -, and 15 N-NOESYs collected at 323 K and 298 K on a 1 mM 13 C-15 N-ORF904:40-370 sample, we managed to assign 88% of the backbone correlations and 80% of the assignable side-chains resonances of a helices.
For the free and the DNA-bound HBD samples, we performed a classical set of 3D experiments required for backbone (HNCA, HNCOCA, HNCACB, CBCACONH, HNCO and HNCACO) and side-chains (Hccconh and hCCconh) assignment at 323 and 298 K.
The DNA resonances have been assigned with TOCSY, 2D homonuclear and isotopically-filtered NOESYs experiments for the free and the bound molecules respectively. Concomitantly, 13 C-natural abundance HSQCs have been collected and assigned. NMR structural restraints detection and structure calculation protocol With the protonated functional pRN1 primase sample, we collected 13 C-isotopically filtered-NOESY experiments in order to extract intermolecular restraints. Surprisingly for a protein around 40 kDa, a reasonable set of inter-NOEs could be detected. For the detection of inter-molecular restraints, we performed 2D F1fF2f-and F2f-NOESY experiments in 100% D 2 O with a 13 C-labeled ORF904:40-370 sample bound to DNA. In addition, 3D 13 C aliphatic and 13 C aromatic Hfiltered-Hedited NOESY have been collected at 700 MHz in 100% D 2 O. Identical filtered experiments have been required to detect intermolecular NOEs between the HBD and the DNA template with (quaternary complex) and without ATP (binary complex).
Preliminary structures of the HBD in complex with the DNA template and a set of automatically assigned NOE distance restraints have been generated with the AtnosCandid software (Herrmann et al., 2002a, b) . Automatic peak-picking and NOE assignments were performed using 3D 15 N-and 13 C-NOESY spectra collected on the bound HBD. Based on hydrogen-deuterium exchange experiments on 1 H-15 N correlations, we inserted intra-protein hydrogen-bond constraints. We calculated 100 independent structures during each step of seven iterations. Then, manually assigned intra-and inter-molecular NOEs were integrated into CYANA calculations. 50 structures of the protein-DNA complexes have been calculated for each CYANA run. The SANDER module of AMBER 12 (Case et al., 2005) was used to refine the 50 structures with simulated annealing in implicit water under the ff12SB force-field. Based on physical energy and NOE violations, we selected the 20 best structures and analyzed them with PROCHECK (Laskowski et al., 1996) .
NMR titrations
For the functional pRN1 primase at 0.6mM, series of 1 H-15 N-TROSY and HSQC experiments were collected upon DNA or ATP addition.
[ligand]/[protein] molar ratios of 0.5, 1, 1.5 and 2 were used to detect chemical shift variations and an additional point was collected for ATP with an [ATP]/[protein] ratio of 4.
To highlight the crucial role of the g-phosphate, we collected 15 N-HSQCs of the DNA-bound HBD with a 5-fold excess of ADP or AMP. Protein concentration was 0.4 mM and [CTGTGCTCA]/[protein] ratio = 1.
For all experiments, interaction buffer was NaH 2 PO 4 /Na 2 HPO 4 25mM at pH 7.0, NaCl 50mM and 10mM MgCl 2 . 1 H 2 O: 2 H 2 O ratio was 90:10 v:v. Data were obtained at 298K with 500, 700 and 750 MHz spectrometers. NMR spectroscopy NMR spectra were recorded at 298 K and 323 K on a 700 MHz BRUKER AVANCE III spectrometer equipped with a 1 H-13 C/ 15 N/D cryogenic probe CPTCI Z-GRD Z44908/54 and with shielded z-gradients. For structures determination, NOESY experiments have been collected on a 900 MHz BRUKER AVANCE III HD spectrometer equipped with a cryoprobe CPTCI Z107926/0001 1 H-13 C/ 15 N/D. For the free HBD at pH 5.5, triple-resonance experiments have been performed on a 600 MHz BRUKER AVANCE III equipped with a CPQCI Z109742/0016 penta 1 H-13 C/ 15 N/ 31 P/D cryogenic probe. Data processing and data analysis were accomplished using Topspin 3.2 (Bruker) and Sparky version 3.114 software (Sparky available at http://www.cgl.ucsf.edu/home/sparky/), respectively. Paramagnetic measurement with Mn Small volumes of a 0.5 M MnCl 2 solution (99.99% from Sigma-Aldrich) have been progressively added to a 0.7mM 15 N-labeled protein sample bound to DNA (1:1 protein/DNA) with 4mM ATP and 5mM magnesium in MOPS 25mM NaCl 50mM interaction buffer at pH 7.0 or 5.0. To monitor the paramagnetic effect, we collected 15 N-HSQCs with final MnCl 2 concentrations of 10, 20, 40, 80, 120, 180, 200 and 250 mM. The detection of the paramagnetic effect was also performed with 3 control samples containing only the 0.7mM 15 N-labeled HBD, the DNA and the ATP bound protein, respectively. All studies have been conducted at 700 MHz, 298K with 90%:10% H 2 O/D 2 O. Solid-state NMR The protein-DNA complex solutions of pRN1 (40-370):ATP:DNA and pRN1-DNA were sedimented (Bertini et al., 2011; Gardiennet et al., 2012 Gardiennet et al., , 2016 in thin-walled 3.2 mm MAS-NMR rotors (16 h at 4 C with 210000 g acceleration) using home-build tools (Bö ckmann et al., 2009 ). 13 C solid-state NMR spectra were acquired at 20.0 T static magnetic field strength using a 3.2 mm Bruker Biospin ' 'E-free'' probe (Gor'kov et al., 2007) . The MAS frequency was set to 17.0 kHz. 31 P detected experiments were acquired at 11.74 T in a Bruker 3.2 mm probe (equipped with home-build 31 P/ 13 C and 31 P/ 15 N inserts) using a spinning frequency of 17.0 kHz. The 2D spectra were processed with the software TOPSPIN (version 3.5, Bruker Biospin) with a shifted (2.0 to 3.0) squared cosine apodization function (DARR, NCA, CHHP) or an exponential window function. Automated baseline correction in the indirect and direct dimensions was applied. The sample temperature was set to 278K (Bö ckmann et al., 2009 ). All spectra were analyzed with the software CcpNmr (Fogh et al., 2002; Stevens et al., 2011; Vranken et al., 2005) and referenced to 4,4-dimethyl-4-silapentane-1sulfonic acid (DSS). DARR, NCX, CHHP, NHHP, 31P CPMAS and 31P-31P DARR were collected for both complexes. Hybrid structure calculation The hybrid structure of the HBD in complex with the DNA template and ATP was determined by complementing the standard NMR distance restraints of the quaternary structure with PRE-based data, magnesium-ATP distances from similar complexes and constraints derived from solid-state NMR measurements. Manganese titrations allowed us to determine the ratio of signal intensity (I 0 /I Mn ) between spectra collected at 0 and 250 mM MnCl 2 . Two groups of residues affected by the paramagnetic solvent delineate 2 potential pockets. Significant I 0 /I Mn values have been divided in two categories and converted to appropriate Mg-H N distance ranges as reported elsewhere (Bonneau and Legault, 2014) . In addition, we integrated distance constraints between magnesium and oxygen atoms of the triphosphate ATP moiety. ATP-magnesium interactions are assumed to be similar to the standard coordination detected in other ATP-bound enzymes. For this purpose, we selected 27 ATP-bound complexes (55 conformers) in the protein databank. Primases and polymerases structures were preferentially analyzed with ATP molecules indifferently adopting the allosteric or the catalytic conformation. We characterized 3 distance ranges between the magnesium and a,b,g oxygen and phosphate atoms. In total, 17 further restraints including 8 Mg-coordination bonds were inserted into calculations. As reported in almost all selected PDB structures, magnesium is partly coordinated by side-chains of negatively charged residues such as D and E. Within the two pockets previously identified, two residues side-chains namely D308 and E343 have been covalently linked to the magnesium as shown for zinc-bound cysteines (Loughlin et al., 2011) . NMR-based calculations involving 3 molecules comprising small flexible ligands are relatively challenging. To speed up calculations, we used CYANA to calculate 200 structures and select 20 of lowest energy for each ternary complex filled either with ATP1 or ATP2 ( Figure S4 ). Previously calculated preliminary ensembles supported us in refining ATP intramolecular distances in agreement with the distance restraints network derived from NOE and PRE. After validating our protocol with two atomic scale models, we combined all data to calculate a quaternary complex accommodating two ATP molecules. However, the positioning of the two triphosphate groups was not precise mainly due to the fact that few side-chains (R309, K340) interact with both ATP molecules generating ambiguous contacts. To improve our atomic scale modeling of the quaternary complex, we collected solid-state NMR data on the DNA-bound functional pRN1 primase with a 3-fold excess of ATP and magnesium. A set of experiments based on magnetization transfer between close nuclei and via cross polarization allowed the detection of correlations between the ATP/DNA phosphorus atoms and the protein. Correlations were ambiguously assigned thanks to solution NMR data with the support of preceding ternary complexes structures. After analysis, two categories of constraints have been added to calculations. Residues side-chains exhibiting strong shifts in NCX/DARR spectra and nearby phosphorus (XHHP and PHHN spectra) were integrated as restraints with lower and upper distances. Ambiguously assigned resonances only detected in one spectrum type have been added with a 7 to 10 Å upper limit according to their relative intensities. Overall, after preliminary structures comparison, solid-state NMR data participated in improving by 0.1 and 0.01 Å the RMSD of ATP1 and ATP2, respectively. The DNA structures RMSD was also improved by 0.12 Å . Finally, from liquid-state NMR, 6 restraints assimilated to hydrogen-bonds have been included for backbone and side-chains amide groups significantly downfield shifted upon quaternary complex formation. All distances and bonds were integrated into CYANA calculations. 50 structures of the protein-DNA complexes have been calculated for each CYANA run. The SANDER module of AMBER 12 (Case et al., 2005) was used to refine the 50 structures with simulated annealing in implicit water under the ff12SB force-field. Based on physical energy and NOE violations, we selected the 20 best structures and analyzed them with PROCHECK (Laskowski et al., 1996) .
QUANTIFICATION AND STATISTICAL ANALYSIS
For ITC experiments shown in Figure S3A , mean values of dissociation constants without and with ATP are indicated. For each experiment, two independent measurements were performed. Standard deviations (s.d.) without and with ATP in interaction buffer were 0.28 and 0.04 mM, respectively.
For all ITC data in Table S1 , mean values are indicated with errors corresponding to the s.d. of two independent measurements. Affinity constants measured by fluorescence anisotropy are reported in Table S1 and errors indicate the s.d. of at least five measurements (time points) in one experiment.
In Table S2 , affinity constant values are shown with s.d. obtained from at least three independent experiments with a minimum of five measurements for each experiment.
For the generation of structural statistics in Table S3 , we combined the analysis of selected CYANA functions (Gü ntert, 2004) , the PROCHECK-NMR program (Laskowski et al., 1996) and the sviol script of Sander (Case et al., 2005) . We ran the distance stat command, the dcostat and dcotab macros to report the number, the type and the distribution of distance restraints. The CYANA command angles ramachandran was used to analyze the PHI/PSI distribution of amino acids residues and the PROCHECK-NMR classified the PHI/PSI torsion angle value pairs. We used ramaplot to generate graphical outputs. RMSD values for the backbone and the heavy atoms were computed with the CYANA rmsd command. The Sander sviol script was used to analyze energies, restraints and violations.
For all affinity constants determined by fluorescence anisotropy in Table S4 , we reported the mean values ± s.d from one or more experiments with at least five measurements per experiment. For the primer and dinucleotide quantifications reported in Table S4 , mean values ± s.d. were calculated from at least three independent measurements. For mutants with drastically altered activity, six independent measurements were required.
DATA AND SOFTWARE AVAILABILITY
Structures of the free and the DNA-bound HBD were deposited in the PDB (https://www.pdb.org) database with the accession codes PDB: 6GT7 and 6GVU, respectively. Structural coordinates of the DNA-bound HBD in presence of ATP and the ATP/DNA-bound HBD were deposited in the Protein Data Bank under the PDB: 6GVQ and 6GVT, respectively. Chemical shifts and restraints used for structures calculations of the free, the DNA-bound and the ATP/DNA HBD were deposited in the Biological Magnetic Resonance Data Bank (http://www.bmrb.wisc.edu) with accession numbers BMRDB: 34287, 34291 and 34290, respectively. (From left to right) the binary complex, the quaternary arrangement and the combination of a representative HBD structure in its binary state with the GTGctca DNA structure and the 2 ATP molecules of the quaternary complex. The first 2 nucleotides (CT) which are supposed to anneal to the dinucleotide are from the structure of the binary arrangement. Carbon atoms of the DNA in the binary and quaternary complexes are shown with light blue and dark gray sticks, respectively. Carbon atoms of the GTG motif and ATP are represented with red and light green sticks, respectively. Protein is displayed as gray ribbon and magnesium with cyan sphere. (B) Clustering of primase variants relative to binding and enzymatic activity. Alanine-substituted mutants have been tested for DNA and ATP binding as well as enzymatic activity. Three major and one minor groups are proposed. Detailed results are reported in Table S4 .
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